This study examined the relationship between molecular properties and the fate of trace organic contaminants (TrOCs) in the aqueous and solid phases during wastewater treatment by MBR. A set of 29 TrOCs was selected to represent pharmaceuticals, steroid hormones, phytoestrogens, UV-filters and pesticides that occur ubiquitously in municipal wastewater. Both adsorption and biodegradation/transformation were found responsible for the removal of TrOCs by MBR treatment. A connection between biodegradation and molecular structure could be observed while adsorption was the dominant removal mechanism for the hydrophobic (logD > 3.2) compounds. Highly hydrophobic (logD > 3.2) but readily biodegradable compounds did not accumulate in sludge. In contrast, recalcitrant compounds with a moderate hydrophobicity, such as carbamazepine, accumulated significantly in the solid phase. The results provide a framework to predict the removal and fate of TrOCs by MBR treatment.
Introduction
A large number of trace organic contaminants (TrOCs) have been detected in raw sewage, treated effluent and withdrawn sludge as well as sewage-affected water bodies all over the world. These include steroid hormones, pharmaceuticals, personal care products, surfactants, pesticides, and disinfection by products (Kümmerer, 2009; Stasinakis and Gatidou, 2010; Zhao et al., 2010; Tran et al., 2013) . In recent years, several studies have also highlighted the ubiquitous occurrence of UV filters and phytoestrogens in domestic wastewater as a potential concern (Kang and Price, 2009; Gago-Ferrero et al., 2011; Liu et al., 2012) , although little is known about their fate during wastewater treatment. The occurrence of TrOCs in the aquatic environment is of significant concern to public health and the environment because of the potential adverse impact on living organisms caused by TrOCs, which can include a range of estrogenic, mutagenic, endocrine disrupting and genotoxic effects ( Adsorption of TrOCs onto sludge is an important removal mechanism during MBR treatment. It is noteworthy that the presence of TrOCs in sludge is of concern especially in terms of their agricultural applications. Agricultural usage accounts for 50% of the biosolids production in Europe. As a result, the European Union regulates these organic compounds in sludge to secure the safety of agriculture and soil (Gago-Ferrero et al., 2011). Therefore, it is crucial to understand the removal of TrOCs from both aqueous and solid phases in Finally, a generalized framework for predicting the removal mechanisms and fate during MBR treatment is proposed.
Materials and Methods

MBR system
A laboratory 
Experimental protocol
The MBR system was inoculated with sludge obtained from the biological nutrient removal ºC. Prior to the addition of the trace organic contaminants to the influent, the MBR system was acclimatised for 125 days under the above mentioned conditions.
Model compounds
A set of 29 emerging TrOCs was selected ( Table 1) 
Analytical methods
Basic water quality parameters
Total organic carbon (TOC) and total nitrogen (TN) were analysed using a TOC/TN-V CSH analyser (Shimadzu, Japan). All other basic water quality parameters relevant to the MBR process were analysed according to the standard methods for water and wastewater examination as reported in a previous study ).
Trace organic compound analysis
TrOC concentrations in the influent and effluent samples were determined using a method previously reported by . The method consisted of solid phase extraction (SPE) and gas chromatography followed by quantitative determination by mass spectrometry with electron ionization. The sample volume was 500 mL and duplicate samples were Dryer (Christ GmbH, Germany). The dried sludge was ground to powder and 0.5 g of sludge was transferred into a glass test tube. Methanol (5 mL) was added to the test tube, thoroughly mixed using a vortex mixer (VM1, Ratek, Australia) for 3 min and ultrasonicated for 10 min at 40 °C. The sample was centrifuged at 3270 xg for 10 min (Alleegra X-12R, Beckman
Coulter, USA) and the supernatant was collected in a glass beaker for further analysis.
Dichloromethane (5 mL) and methanol (5 mL) were added to the remaining sludge. The whole process of mixing, ultrasonic extraction and centrifugation was repeated. The supernatants from both steps were then mixed together, Milli-Q water added up to a volume 50 mL and residual methanol and dichloromethane purged using nitrogen gas. Finally, Milli-Q water was added to obtain a 500 mL aqueous sample. This sample was then analysed using 
Removal of TrOCs from the aqueous phase
The removal efficiency of each TrOC from the aqueous phase was relatively stable over the study period (Figure 1) , although a significant variation in removal was observed. All eleven hydrophobic TrOCs (i.e., Log D pH 8 > 3.2) used showed above 95% removal efficiency, with octocrylene being the only exception (removal efficiency of 88%). On the other hand, the removal of hydrophilic TrOCs varied from as low as 27% (i.e., diclofenac) to almost complete removal (i.e., ibuprofen). Since these TrOCs possess diverse molecular structure and functional groups, it was not surprising that their removal efficiencies varied significantly. Of the 29 compounds selected in this study, four showed significantly lower removal efficiencies (60% or below). Diclofenac was removed with the lowest level of removal (27%) followed by atrazine (36%), propoxur (58%) and carbamazepine (58%). It is noteworthy that all these four compounds are hydrophilic and possess strong EWGs such as amide and chloride in their molecular structure. Thus, the low removal efficiency could be attributed to their low hydrophobicity and more importantly the occurrence of strong EWGs in their molecular structure, as previously reported by Tadkaew consistently detected at high concentrations in biosolids. Our results indicated that biodegradability was an important factor governing the residual amount of TrOCs in biosolids. It was also noted that stable concentration of these compounds in sludge over the experimental period could be due to the periodic discharge of sludge from the system.
Results reported in this study confirm that the removal mechanisms and the fate of TrOCs (Figure 3 ) are governed by their molecular properties. The concentration of the TrOCs in the solid phase increased after they had been introduced into the synthetic wastewater only if they contained EWGs in their structure and/or were hydrophobic. In fact, other than triclosan and octocrylene, the solid phase concentrations of all nine compounds with log D at pH 8 of above 3.2 but containing no EWGs in their molecular structure were negligible. On the other hand, higher concentration of triclosan and octocrylene in sludge was due to their very high log D (of 4.92 and 6.89 at pH 8, respectively) and the presence of EWG (i.e. chloride and cyanide group, respectively) in their molecular structure. Notably, the mass balance calculation revealed that adsorption onto solid phase accounted for 50 and 26% the overall loading of triclosan and octocrylene, respectively, during MBR treatment (Figure 3 ). This signifies that strong EWG (chlorine atoms in triclosan) could cause compounds to accumulate more in sludge than the compounds with moderate EWG in their structure (cyanide group in octocrylene) even if the latter may be more hydrophobic (in this case, octocrylene (log D 6.89 at pH 8) possesses more hydrophobicity than triclosan (log D 4.92 at pH 8 )). This also demonstrated that adsorption 
Removal mechanisms
Results from this study denoted a clear dependence of TrOC molecular structure on their removal mechanism and their fate in aerobic MBR. It appeared that the removal mechanisms and the fate of TrOCs were governed, in addition to hydrophobicity (log D), by the presence of EWGs or EDGs in their structure. Thus, the removal mechanism and the fate of TrOCs could be predicted by assessing the presence of EWGs and/or EDGs in their structure and their log D.
Based on the TrOC concentrations in aqueous and solid phases as well as the extent of their biodegradation/transformation, a generalized framework to predict the removal mechanisms of TrOCs during MBR treatment was proposed in Figure 4 . 
Conclusion
This study investigated both the solid (sludge) phase and aqueous phase removal of TrOCs and their fate during MBR treatment. The fate of TrOCs during MBR treatment was governed by both biodegradation and adsorption. Biodegradation was the predominant removal mechanism of the hydrophilic TrOCs from the aqueous phase. The removal of hydrophobic TrOCs from the aqueous phase could occur via adsorption. However, readily biodegradable hydrophobic TrOCs did not accumulate significantly in sludge. Additionally, recalcitrant TrOCs which are moderately hydrophobic or even hydrophilic could accumulate significantly in the sludge.
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